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the centres of the magnetic traps for the two spin species along the z
axis’. Furthermore, the desired behaviour of the Rabi frequency can
be achieved by making, with the first Raman laser, two standing
waves in the x and y directions that are both polarized perpendicular
to the z axis. For the other Raman laser we only require that it
produces a travelling wave with a polarization that has a non-zero
projection on the z axis, because we want to realize a Am =0
transition in this case. In the above geometry the skyrmion is
created exactly in the plane where the detuning vanishes and in
the nodes of the first Raman laser. We note that as the distance
between these nodes is generally much bigger than the correlation
length, we create in this manner a large skyrmion that will start to
shrink but ultimately self-stabilizes at a smaller size. Once created,
the skyrmion can be easily observed by the usual expansion
experiments that have recently also been used to observe vortices'.
As with vortex rings, we then observe an almost complete depletion
of the condensate in a ring around the position of the skyrmion.[]

Methods

To calculate the energy of the skyrmion we solve the equation for the density profile that is
obtained from minimizing the energy functional in equation (1). We solve this equation
numerically for the region outside the core. Inside the core we solve the equation
analytically by using the Thomas—Fermi approximation, which amounts to neglecting the
gradients of the density profile. Using our ansatz for w(r), the texture gradient potential
V(r) = R*|V{(r))*/2m reads:
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For small /N this potential can be approximated by a harmonic potential with a
characteristic frequency w, = \/96h*/2m?\* and width I = N/+/96, as shown in the
dotted curve in Fig. 3. Specifically, the use of a Thomas—Fermi approximation is justified
when the ratio 2Na/l = 21/96Na/\ is bigger than 1. From Fig. 1, we observe that this ratio
equals approximately 1 for N = 4 and increases for larger N.

The lifetime of the skyrmion is estimated by calculating the tunnelling rate from the core
to the outer region over the barrier V(r). To this end we employ the following WKB
(Wentzel, Kramers and Brillouin) expression for the tunnelling rate'”:
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where peor is the chemical potential of the core atoms. The radial points r; and r, are the
points where V(r) and p . intersect, as shown in Fig. 3. The chemical potential p o is
calculated by differentiating the total energy of the core with respect to the number of core
atoms.
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Magnetic interactions and magnetic impurities are destructive to
superconductivity in conventional superconductors'. By contrast,
in some unconventional macroscopic quantum systems (such as
superfluid *He and superconducting UGe,), the superconductivity
(or superfluidity) is actually mediated by magnetic interactions. A
magnetic mechanism has also been proposed for high-tempera-
ture superconductivity’*. Within this context, the fact that
magnetic Ni impurity atoms have a weaker effect on supercon-
ductivity than non-magnetic Zn atoms in the high-T. super-
conductors has been put forward as evidence supporting a
magnetic mechanism>®. Here we use scanning tunnelling micro-
scopy to determine directly the influence of individual Ni atoms
on the local electronic structure of Bi,Sr,CaCu,0g.5. At each Ni
site we observe two d-wave impurity states”® of apparently
opposite spin polarization, whose existence indicates that Ni
retains a magnetic moment in the superconducting state. How-
ever, analysis of the impurity-state energies shows that quasi-
particle scattering at Ni is predominantly non-magnetic.
Furthermore, we show that the superconducting energy gap and
correlations are unimpaired at Ni. This is in strong contrast
to the effects of non-magnetic Zn impurities, which locally
destroy superconductivity’. These results are consistent with
predictions for impurity atom phenomena®® derived from a
magnetic mechanism.

In our studies we use two different Bi,Sr,Ca(Cu,_Ni,);Og,s
(BSCCO) single crystals, grown by the floating-zone technique.
These crystals have x = 0.005 with T, = 83K and x = 0.002 with
T. = 85K, respectively. The Ni atoms substitute for Cu atoms in the
superconducting CuO, plane and are believed to be in the Ni**3d®
electronic state, as compared to the Cu®*3d’ of Cu. Above the
superconducting transition temperature T, each Ni atom possesses
a strong magnetic moment of around 1.5ug (ref. 10). The samples
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are cleaved in cryogenic ultra-high vacuum at 4.2 K to expose the
BiO crystal plane and, when inserted into the scanning tunnelling
microscope (STM) head, are imaged with atomic resolution.

For d-wave superconductors, theory predicts that quasi-particle
scattering at an impurity atom creates a local electronic state
(impurity state) nearby”®'"". Such states, which have been
analysed for both potential (non-magnetic)”®'"'»"*"1¢ and
magnetic®'>""” scattering, can be thought of as almost localized
quantum orbitals of well defined energy Q and spatial structure™'®.

The spatial distribution of impurity states as Ni impurity atoms
can be imaged by measuring, as a function of position, the
differential tunnelling conductance G = dI/dV. This is propor-
tional to the local density of states (LDOS) and we refer to this
process as LDOS mapping. As an example, Fig. 1 shows two
simultaneously acquired LDOS maps taken at sample bias
V = £9mV. They reveal both the particle-like (positive bias)
and hole-like (negative bias) components of one of the impurity
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states that exist at each Ni. At +9 mV ‘4-shaped’ regions of higher
LDOS are observed, whereas at —9mV the corresponding higher
LDOS regions are ‘X-shaped. LDOS maps at V = = 19 mV show
the particle-like and hole-like components of a second impurity
state at Ni whose spatial structure is very similar to that at
V= *=9mV.

High-resolution =9-mV LDOS maps (Fig. 2a, b) acquired
simultaneously with a topographic image of the BiO surface
(Fig. 2¢) show in detail how an impurity state consists of two
spatially complementary components. By this we mean that the
particle-like LDOS is high in regions where the hole-like LDOS is
low, and vice versa. To illustrate these relationships, Fig. 2d shows a
schematic diagram of the relative locations of Cu atoms, the
orientation of the d,_ » superconducting order parameter (OP),
and the location of the particle-like (green) and hole-like (purple)
components of the impurity state.

We also probe the energy dependence of the LDOS at several

1.4nS

Figure 1 Maps of the local density of electronic states at energies £ = =+ 9meV,
revealing the locations of the Ni impurity states. Two 128 A square differential
conductance maps of Ni-doped BSCCO. a, At sample bias +9 mV, showing the ‘+--
shaped’ regions of high local density of states (LDOS) associated with the Ni atoms. b, At
-9 mV, showing the 45° spatially rotated ‘X-shaped’ pattern. The differential conductance
G(V) = dl/dV measured at sample bias voltage VVand tunnelling current /is proportional
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to the LDOS at energy £ = eV. In such an LDOS map, states associated with positive
sample bias are referred to as particle-like whereas those at negative sample bias are
hole-like. There are ~8 Ni atom sites in the field of view. As the areal densities of these
phenomena in two crystals agree with the two different Ni dopant densities, we conclude
that they are associated with Ni atoms. The junction resistance was 1 GQ at —100 mV for
the simultaneously obtained maps and all data were acquired at 4.2 K.
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Figure 2 Detailed spatial structure of the impurity state at a single Ni atom. a, b, 354
square differential conductance maps above an Ni atom at (@) +9 mV and (b) -9 mV. ¢, A
354 square atomic resolution topograph of the BiO surface obtained simultaneously with
the maps. d, Using the information in a, b and ¢ and the fact that the Cu atoms in the Cu0,
plane lie directly beneath the Bi atoms in the BiO plane, we draw a schematic showing the
relative position of the Ni atom (black solid circle) with respect to the Cu atoms (orange
solid circles) in the invisible CuO, plane. Also depicted is the orientation of the d,. _ 2

order parameter with respect to the a- and b- axis, and the positions of the first NN (open

locations near a Ni atom. Figure 3a shows typical dI/dV spectra
taken at four locations: above the Ni atom, above the first nearest
neighbour (1-NN) Cu atom, above the second nearest neighbour
(2-NN) Cu atom, and at a distance of 30 A from the impurity site;
and Fig. 3b shows the average spectrum for the whole impurity-state
region. There are two clear particle-like LDOS peaks above the Ni
site. The average magnitudes of these on-site impurity-state ener-
gies measured at eight different Ni sites are 2, = 9.2 = 1.1 meV
and Q, = 18.6 = 0.7 meV. Both these peaks become hole-like at all
the 1-NN Cu sites and again particle-like at the 2-NN Cu sites.
Despite these complexities, the spatially averaged spectrum for this
whole region (Fig. 3b) remains very close to particle—hole symmetric.

Several conclusions can be drawn from these data. First, the two
on-site LDOS peaks reveal that there are two distinct impurity states
associated with each Ni atom. This can be explained by theories that
consider both potential and magnetic interactions®. In a d-wave
superconductor, theory indicates that potential scattering generates
a single spin-degenerate impurity state”®''. A weak additional
magnetic interaction between an impurity moment and the
quasi-particle spin lifts the spin degeneracy, creating two spin-
polarized impurity states at each magnetic impurity atom®. The
good qualitative agreement between the data and this model
indicates that Ni atoms do possess a magnetic moment in the
superconducting state.

%4 © 2001 Macmillan Magazines Ltd

circle) and second NN (open square) atoms where the spectra shown in Fig. 3 are
acquired. The ~1 6 A square region inside which the spatial integration of the whole
impurity-state LDOS was carried out is also shown. The junction resistance is 1 GQ at
—100mV for all data. The bright central maximum of the ‘+-shaped’ LDOS map always
occurs at the site of a Bi surface atom, consistent with the Ni atom being at the Cu site
~5Abelow. The spatial structure in LDOS of an impurity state, when observed at the BiO
plane, may not be identical to that in the CuO, plane'®. However, the magnitude of the
impurity-state energies should be independent of interlayer matrix element effects.

Second, as shown in Figs 2 and 3, the spectral weight of an
impurity state oscillates between particle-like and hole-like as a
function of distance from the Ni atom. Nevertheless, the average
conductance spectrum over the whole impurity state remains
almost particle—hole symmetric. Theoretically, such overall particle—
hole symmetry in an impurity-state spectrum is expected
when superconductivity is not disrupted'>"*~'*'**, Furthermore,
calculations for the d-wave impurity-state wavefunction show
that the particle-like and hole-like LDOS should be spatially
complementary®'>'*"'S, The agreement of our observations with
these theoretical models shows that superconductivity is not dis-
rupted locally by the magnetic moment of Ni.

A third observation is that the superconducting gap magnitude
(as deduced from the energy of the coherence peaks) does not
change as we approach the impurity site. This is shown in Fig. 4,
which shows a series of conductance spectra as a function of
distance from the Ni site. The particle-like coherence peak is
depleted to provide spectral density for the impurity state, but the
gap magnitude (28 mV) deduced from the hole-like coherence peak
location is unperturbed.

In summary, two local states in excellent qualitative agreement
with d-wave impurity scattering theory can be identified at each Ni
impurity atom. The presence of two impurity states indicates that
the Ni atom possesses a magnetic moment, whereas the existence
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Figure 3 Differential conductance spectra above the Ni atom and at several nearby
locations. Differential conductance spectra obtained at four positions near the Ni atom
showing the maxima at V = = Q,/eand VV = =+ Q,/e and the superconducting
coherence peaks. These curves are shifted from each other by 1 nS for clarity. a, The
spectrum above the Ni atom site (solid circles), above the first nearest neighbour Cu atom
position (open circles), above the second nearest neighbour Cu atom (squares), and a
typical spectrum 30 A from an impurity atom (triangles). The location of the Ni atom and
the first and second nearest neighbours is shown in Fig. 2. The spectra show rapid
variations in LDOS magnitude as a function of position. They also reveal the persistence of
the coherence peak (shown by the upward pointing arrows) in any given spectrum on the
side opposite to the impurity-state resonance peaks. b, The average conductance
spectrum for a ~1 6 A square area centred on an Ni atom, showing the particle—hole
symmetric nature of the spatially integrated LDOS. The junction resistance was 1 G at
—200mV for all spectra.

and structure of the particle-like to hole-like oscillations and the
constant gap magnitude indicate that superconductivity is nowhere
disrupted.

We now turn to the implications of these data for proposals™
that differences between the influence of ‘magnetic’ Ni and ‘non-
magnetic’ Zn impurity atoms are evidence of a magnetic mechan-
ism for high-temperature superconductivity (HTSC). Previous
experimental studies using Ni and Zn impurities have revealed
two apparently contradictory aspects of their effects on HTSC. On
one hand, resistivity”"*, microwave surface resistivity” and T,
(refs 21, 22) measurements show similar dependences on Zn and
Ni doping densities. On the other hand, probes sensitive to
magnetic phenomena such as NMR*™ and inelastic neutron
scattering (INS)', and probes of the superfluid density such as
penetration depth® and muon-spin-rotation (SR)*, show marked
differences between Ni- and Zn-doped samples.

Analysis of the Ni impurity-state energies using the model of ref.
8 is the first step towards understanding this situation. In that
model, potential scattering is represented by an on-site energy U,
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Figure 4 Evolution of the d/dV spectra and superconducting energy gap as a function of
distance from the Ni atom. A series of differential conductance spectra (shifted vertically
from each other for clarity), taken as a function of distance away from the centre of a Ni
impurity state along the b-axis. The top spectrum is taken above the Ni site. The spectra,
each separated by 0.5 A, show that over a ~20 A range the magnitude of the
superconducting gap A, = 28 meV, as measured by the separation between the hole-
like coherence peak and the Fermi level, is not suppressed in the presence of the Ni
impurity. Line cuts approaching the Ni site from other directions lead to the same
conclusion. There are variations in A, throughout the crystal but this study was carried
outin a patch with constant A, of 28 meV. The junction resistance was 1 GQ at —100 mV
for all spectra.

and magnetic interaction is modelled as having energy W = JS-s.
Here S is the classical spin of the impurity atom, s is the quasi-
particle spin and J is the exchange energy. The solution for the on-
site resonance energy can be written approximately as®

Q,, -1

A, ~ 2N (U += W)n|(8N (U = W))|

Here A, is the maximum magnitude of the superconducting gap
and N is the normal density of states per site at the Fermi energy. By
substituting the measured values of Q; and 2, and A, = 28 meV
into this equation, we find N;U = — 0.67 and [N;W| = 0.14. This
represents a surprising new insight because Ni is usually regarded as
a source of magnetic scattering, but here we identify the dominant
effects as due to potential scattering.

The apparent conflicts between results from different probes
may now be reconciled. The first set of probes is sensitive to
scattering. Calculation of the potential scattering phase shift
8, = tan~'(wN;U) for Ni gives §, = 0.36m, whereas our previous
results showed that Zn is a unitary scatterer (8, = /2)°. The
similarity of these phase shifts imply that phenomena dependent
on scattering should be quite similar in Ni- and Zn-doped samples.
In fact, using these parameters in an Abrikosov—Gorkov model'
(and ignoring Ni’s magnetic potential), we calculate that T, would
be suppressed only about 20% faster by Zn than by Ni, certainly
within the range of experimental observations*"*.

Among the second set of measurement techniques are those
sensitive to superconductivity itself. For example, penetration
depth® and PSR measurements show that, in the bulk, Zn strongly
depletes superfluid density but Ni has a much weaker impact. The
STM data now provide a microscopic explanation for these differ-
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ences—Zn atoms locally destroy superconductivity’ while Ni atoms
do not.

Finally, magnetic probes sensitive to spin fluctuations reveal
marked changes with Zn-doping****~*' but only weak perturbations
with Ni-doping*******!. Explanations for these phenomena have
been proposed™®***** whereby Zn behaves like a ‘magnetic hole’ (a
spinless site in an environment of strongly exchange-coupled spins)
that strongly alters NN exchange correlations and disrupts super-
conductivity, whereas Ni retains a magnetic moment that barely
perturbs the antiferromagnetic exchange correlations that facilitate
superconductivity. Although the NMR and INS data*~' are quite
consistent with the magnetic component of such models, their
predictions for local electronic phenomena at Ni and Zn can only
now be tested for the first time. The STM data show that, despite
their magnetic moments, scattering at Ni atoms is dominated by
potential interactions. Furthermore, whereas Zn atoms locally
destroy superconductivity within a 15A radius’, the magnetic
Ni atoms coexist with unweakened superconductivity. All these
phenomena are consistent with the above proposals.

The resilience of cuprate-oxide high- T, superconductivity against
what should be the destructive effects of a magnetic impurity atom,
and its concomitant vulnerability to destruction by a ‘magnetic
hole’, are remarkable. These atomic-scale phenomena are now
(through a combination of NMR, wSR and STM) coming into
much clearer focus. They point towards a new approach to studying
HTSC in which microscopic theories can be tested against an
atomically resolved knowledge of impurity-state phenomena. [
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Liquid marbles
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The transport of a small amount of liquid on a solid is not a simple
process, owing to the nature of the contact between the two
phases. Setting a liquid droplet in motion requires non-negligible
forces (because the contact-angle hysteresis generates a force
opposing the motion'), and often results in the deposition of
liquid behind the drop. Different methods of levitation—electro-
static, electromagnetic, acoustic’, or even simpler aerodynamic™’
techniques—have been proposed to avoid this wetting problem,
but all have proved to be rather cumbersome. Here we propose a
simple alternative, which consists of encapsulating an aqueous
liquid droplet with a hydrophobic powder. The resulting ‘liquid
marbles’ are found to behave like a soft solid, and show dra-
matically reduced adhesion to a solid surface. As a result, motion
can be generated using gravitational, electrical and magnetic
fields. Moreover, because the viscous friction associated with
motion is very small®, we can achieve quick displacements of the
droplets without any leaks. All of these features are of potential
benefit in microfluidic applications, and also permit the study of a
drop in a non-wetting situation—an issue of renewed interest
following the recent achievement of super-hydrophobic
substrates’.

Liquid marbles are obtained by making a small amount of liquid
(typically between 1 and 10 mm?) roll in a very hydrophobic powder
(we used lycopodium grains of typical size 20 um covered with
fluorinated silanes). The grains spontaneously coat the drop, which
can eventually be transferred onto other substrates. Figure 1 shows a
marble of radius 1 mm, made of water and put on a glass plate
(which would be wetted by water), where it is observed to adopt a
spherical shape. Thanks to the monolayer of grains at the liquid—air
interface, the wetting between the glass and the water is suppressed.
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